Background: Rate-limiting steps in the hydrolysis of recalcitrant polysaccharides by processive enzymes are not known. Results: The predominant molecular state of bound enzyme was revealed by the type and strength of product inhibition. Conclusion: Complexation with the polymer chain is rate-limiting for ChiA, whereas Cel7A is limited by dissociation. Significance: Knowledge of rate-limiting steps aids the engineering of better catalysts.
The recalcitrant polysaccharides cellulose and chitin are the most abundant sources of organic carbon on earth and hence are appealing as raw materials for many biotechnological applications. Enzymatic hydrolysis is an environment-friendly method for converting polysaccharides into monomeric components for further use as precursors for biofuels or commodity products. Understanding the mechanisms and rate-limiting factors of enzymatic hydrolysis is therefore of considerable importance in enzyme engineering for the development of better catalysts. As structural polysaccharides, both polymers exhibit crystalline structures that consist of linear chains of either ␤-1,4-linked glucose (cellulose) or N-acetylglucosamine units (NAG, 2 chitin). The similar architectures of these substrates apparently reflect the similar enzymatic machineries employed in cellulose and chitin degradation. In nature, cellulose and chitin are degraded mainly by fungi and bacteria, which secrete a set of hydrolytic and oxidative enzymes. To date, the best characterized enzyme systems for the degradation of recalcitrant polysaccharides are the cellulolytic system of the fungus Hypocrea jecorina (previously referred to in the literature as Trichoderma reesei) (1) and the chitinolytic system of the bacterium Serratia marcescens (2) . The major component of both enzyme systems is a reducing end-specific processive exo-enzyme, cellobiohydrolase Cel7A and chitinase ChiA (where Cel7A is cellobiohydrolase Cel7A from Hypocrea jecorina and ChiA is chitinase A from Serratia marcescens). Cel7A and ChiA share a modular structure that includes a catalytic domain (CD) and a carbohydrate-binding module (CBM). However, the CBM and CD of Cel7A are connected by a flexible linker peptide (3, 4) , whereas in ChiA, the CD and CBM are more tightly connected to form a compact, elongated structure (5) . Both enzymes catalyze the hydrolysis of glycosidic bonds with the retention of configuration, resulting in a disaccharide as the predominant product, cellobiose for Cel7A and chitobiose (NAG 2 ) for ChiA. Characteristic of processive enzymes, the active sites of both Cel7A and ChiA contain mul-tiple monomer-unit-binding sites. The active site of Cel7A has a tunnel-shaped architecture and contains 10 glucose-unitbinding sites, 7 (Ϫ7 to Ϫ1) substrate-binding sites, and 3 (ϩ1 to ϩ3) product-binding sites (6) . The active site of ChiA exhibits a deep, cleft-like architecture and is more open than Cel7A. The CD of ChiA contains 4 substrate (Ϫ4 to Ϫ1)and 3 product (ϩ1 to ϩ3)-binding sites (7) (8) (9) , although in ChiA, the substratebinding sites extend to the CBM (10) , resulting in a total of 13 substrate-binding sites (8) . To ensure the directional progression of the enzyme along the polymer chain, the active sites of processive enzymes possess a binding energy gradient, with the strongest binding occurring at product-binding sites (11) (12) (13) . Thus, strong product binding, and hence strong product inhibition, appears to be a price of processivity (14) . Consistent with these properties, cellobiose strongly binds to Cel7A, with a K d of 20 M (15) . Inhibition of the hydrolysis of low molecular weight model substrates such as para-nitrophenyl lactoside also has a K i of ϳ20 M (16) . However, the product inhibition of Cel7A has been shown to be more than an order of magnitude weaker if studied with cellulosic substrates such as bacterial cellulose (17) (18) (19) . Even weaker cellobiose inhibition of Cel7A has been reported with amorphous cellulose (IC 50 ϭ 19 mM, see Ref. 20) . The same discrepancy between inhibitory strength for low molecular weight and polymeric substrates also holds for other inhibitors of Cel7A, including oligosaccharides of xylose and glucose (21, 22) . The mechanisms underlying this phenomenon are not known, although the strong binding of Cel7A to the polymer chain (17, 21) or the use of different mechanisms in hydrolysis of low molecular weight and polymeric substrates, may be responsible (18) . For ChiA, the hydrolysis of low molecular weight substrates was shown to be inhibited by deacetylated chitobiose, with an IC 50 value of 4.1 mM (23) . The pseudotrisaccharide allosamidin binds to ChiA with a K d of 0.17 M (24). The hydrolysis of crystalline ␤-chitin by ChiA is similarly strongly inhibited by allosamidin, with an IC 50 of 0.17 M, although the hydrolysis of a water-soluble, partially deacetylated derivative of chitin, chitosan, is far more resistant to inhibition, with an IC 50 value of 164 M (24) . The product, NAG 2 , inhibition of ChiA has yet to be studied.
The hydrolysis of recalcitrant polysaccharides by exo-processive enzymes can be divided into at least four putative steps: (i) binding to the polymer surface; (ii) recognition and capture of the chain end; (iii) formation of the productive complex and processive hydrolysis of the polymer chain; and (iv) dissociation (25) . Thus, product inhibition may appear weak if the ratelimiting step is not affected by the product (18) . However, there is no general agreement on which step is rate-limiting. In some studies, the dissociation of Cel7A has been proposed to be the rate-limiting step (18, 26 -31) , whereas others support slow complexation with the polymer chain (32, 33) or disengagement of the polymer chain from the crystal lattice during processive movement (34, 35) . Activation parameters measured for ChiA with the insoluble ␤-chitin substrate show a large entropic activation barrier (36) . These results are indicative of a bimolecular (associative) rate-determining step and suggest that complexation with the chitin chain is rate-limiting for ChiA (36) . The rate-limiting step may also depend on the presence of synergistic auxiliary enzymes. The dissociation-limited rate of Cel7A has been shown to change to glycosidic bond hydrolysis-limited in the presence of endoglucanase at optimal concentrations (18) . One reason for these opposing hypotheses lies with the difficulty in measuring the rate constants for separate steps of the complex reaction. For example, dissociation rate constant values on the order of 0.1, 0.01, and 0.001 s Ϫ1 have been reported for Cel7A based on high speed atomic force microscopy (HS AFM) (37, 38) , global kinetic modeling of progress curves and single molecule fluorescence imaging (30, 31, 39) , and substrate labeling after treatment with enzyme (27) , respectively. Whether these differences reflect methodological differences or the different substrates used is not known. Attempts to distinguish between different binding modes of bound enzymes have revealed that Cel7A is predominantly bound to cellulose through its active site (18, 26, 40) , although the population of bound enzyme with free active site may be significant at high enzyme-to-substrate ratios (41) . At the same time, enzyme attachment to cellulose via the CBM only has been reported to be the predominant state of the processive endocellulase Cel9A from the bacterium Thermobifida fusca (42) , thus supporting slow complexation.
Here, we studied the product inhibition of Cel7A from H. jecorina and ChiA from S. marcescens using both low molecular weight and polymeric substrates. The strength and pattern of product inhibition suggested differences in the predominant molecular states of polymer-bound Cel7A and ChiA. Measuring the concentration of enzyme with its active site occupied by the polymer chain revealed that Cel7A was bound to cellulose predominantly through its active site, whereas bound enzyme with its active site free was the prevalent form of ChiA. Collectively, these results suggest different rate-limiting steps in polysaccharide hydrolysis by Cel7A and ChiA.
EXPERIMENTAL PROCEDURES
Materials-Crab chitin (Sigma C7170), chitobiose (Sigma D1523), 4-methyl-umbelliferyl-␤-diacetylchitobioside (MU-NAG 2 ) hydrate (Sigma M9763), bovine serum albumin (BSA), 4-methyl-umbelliferyl-␤-lactoside (MUL), and cellobiose were purchased from Sigma. [1-14 C]Acetic anhydride (50 mCi mmol Ϫ1 ) was obtained from Hartmann Analytic GmbH, Braunschweig, Germany. The scintillation mixture was purchased from Merck. All chemicals were used as purchased.
Enzymes-The wild-type chitinase gene chia from S. marcescens strain BJL200 was expressed in Escherichia coli TOP10 (Invitrogen) by growing cells for 16 -18 h at 37°C in Luria-Bertani medium containing 50 g ml Ϫ1 ampicillin (43) . Periplasmic extracts were produced as described previously (44) , and the enzymes were purified using chitin affinity column chromatography, as described previously (44, 45) . Chitobiase was expressed in E. coli and purified by ammonium sulfate precipitation and ion-exchange chromatography as described (46) . H. jecorina Cel7A was purified from the culture filtrate of H. jecorina QM 9414 as described previously (47) . ␤-Glucosidase was purified from Novozyme 188 (Sigma C6105) according to a published procedure (48) . Enzyme concentrations were determined from the absorbance at 280 nm using the calculated molar extinction coefficients.
Preparation of Chitin Nanowhiskers (CNWs)-A total of 35 g of crab chitin was suspended in 312 ml of water; HCl was then added to 0.55 M, and the mixture was incubated for 15 min at room temperature with stirring. After three washes with 0.55 M HCl, the chitin was washed repeatedly with water and once with 0.3 M NaOH, followed by incubation with 0.3 M NaOH at 70°C for 1 h. The NaOH incubation was performed three times. The NaOH-treated chitin was washed repeatedly with water and four times with ethanol, followed by two incubations with acetone for 30 min at room temperature. Finally, the purified chitin was washed thoroughly with water. To make CNWs, the purified chitin was suspended in 3 M HCl and incubated at 100°C for 90 min with stirring. The mixture was diluted 3-fold with water, neutralized by slowly adding solid NaOH, and finally buffered with 10 mM sodium acetate, pH 6.1. CNWs were washed several times with 10 mM sodium acetate, pH 6.1, and stored at 4°C. The total concentration of CNWs was expressed on the basis of dry weight. The degree of polymerization (DP) of CNWs was determined from the reducing-end groups on CNWs, as measured by the method of Somogyi-Nelson (49) .
N-Acetylation of CNWs-Briefly, 2 g of CNWs in 10 mM sodium acetate, pH 6.1, was dialyzed against methanol three times. Then 1.86 ml of acetic anhydride was added to CNWs in 100 ml of methanol, and the mixture was incubated overnight at room temperature, with stirring. Next, O-deacetylation was carried out by adding 100 mM KOH in methanol and incubated for 3 h at room temperature, with stirring. CNWs were washed repeatedly with 47.86 mM NaOH via repeated centrifugation (3500 rpm for 5 min) and resuspension. Finally, 20% acetic acid was added to adjust the pH to 6.1, after which 0.01% NaN 3 was added, and CNWs were stored at 4°C.
Preparation of 14 C-Labeled CNWs ( 14 C-CNWs)-A total of 2 g of CNWs was dialyzed against methanol three times, after which 5 mCi of [1-14 C]acetic anhydride was added, and the mixture was incubated for 24 h at room temperature, with stirring, in a total volume of 85 ml. To ensure complete N-acetylation, 1.86 ml nonradioactive acetic anhydride was added to a final concentration of 230 mM and incubated overnight with stirring. O-Deacetylation, washing, and pH adjustment were performed as described above. The specific radioactivity of the 14 C-CNW preparation was 4.18 ϫ 10 6 dpm mg Ϫ1 .
Celluloses-Bacterial microcrystalline cellulose (BMCC) and 14 C-labeled BMCC were prepared by HCl hydrolysis of bacterial cellulose (Gluconobacter xylinum, ATCC 53582) as described previously (19, 50) . The specific radioactivity of the 14 C-labeled BMCC preparation was 4.5 ϫ 10 5 dpm mg Ϫ1 . Total BMCC concentration was determined using the anthrone sulfuric acid method (51) . The DP of BMCC was determined from the reducing end groups on BMCC, as measured using the modified bicinchoninic acid method (50, 52) .
Hydrolysis of 14 C-CNWs and Inhibition with NAG 2 -14 C-CNWs (0.01-2.0 mg ml Ϫ1 ) were incubated with ChiA (1.0 nM) in 50 mM sodium acetate, pH 6.1, supplemented with BSA (0.1 mg ml Ϫ1 ) at 25°C, without stirring. The reaction was stopped at defined times by adding NaOH to 0.2 M. For t ϭ 0, NaOH was added before ChiA. Chitin was separated by centrifugation (5 min at 10 4 ϫ g), and the amount of radioactivity in the supernatant was quantified using a liquid scintillation counter. For the product inhibition assays, a defined amount of NAG 2 was added to the reaction. Before centrifugation, nonradioactive CNWs were added (3 mg ml Ϫ1 ) to improve the sedimentation of 14 C-CNWs. 14 C-CNWs formed heterogeneous suspensions, and part of the radioactivity remained in the supernatant even after 20 min of centrifugation at 10 4 ϫ g. This small fraction of 14 C-CNWs also passed through 0.2-m filters. We noted that 14 C-CNWs sedimented much more effectively at higher concentrations. Apparently, the dense mat that forms during the sedimentation of CNWs at high concentrations traps smaller CNW particles, and in the presence of 3 mg ml Ϫ1 CNWs, the complete sedimentation of 14 C-CNWs was achieved at all 14 C-CNW concentrations tested.
Measuring Soluble Reducing Groups Produced by ChiA-CNWs (0.2-2.0 mg ml Ϫ1 ) were incubated in 600-l reaction with ChiA in 50 mM sodium acetate, pH 6.1, supplemented with BSA (0.1 mg ml Ϫ1 ) at 25°C with magnetic stirring (300 rpm). The reaction was stopped at defined times by adding NaOH to 0.2 M. For t ϭ 0, NaOH was added before ChiA. Chitin was separated by centrifugation (5 min at 10 4 ϫ g), after which 500 l of the supernatant was used to measure the reducing groups using the 3-methyl-2-benzothiazolinone hydrazone hydrochloride method, as described previously (53) .
Hydrolysis of 4-Methyl-umbelliferyl-␤-Chitobioside (MU-NAG 2 ) and Inhibition with NAG 2 -MU-NAG 2 (0.2-20 M) was incubated with ChiA (0.2 nM) in 50 mM sodium acetate, pH 6.1, supplemented with BSA (0.1 mg ml Ϫ1 ) at 25°C without stirring. At selected times, the reaction was stopped by the addition of ammonium hydroxide to a final concentration of 0.1 M, and the concentration of released 4-methyl-umbelliferone (MU) was determined by fluorescence. The excitation and emission wavelengths were set to 360 and 450 nm, respectively. For t ϭ 0, the ammonium hydroxide was added before ChiA. For the inhibition studies, the reactions were supplied with NAG 2 at the desired concentration.
Cellobiose Inhibition of Cel7A with MUL Substrate-MUL (5.0 M) was incubated with Cel7A (10 nM) in 50 mM sodium acetate, pH 5.0, supplemented with BSA (0.1 mg ml Ϫ1 ) and cellobiose (0 -300 M) at 25°C without stirring. After 30 min of hydrolysis, the reactions were stopped by the addition of ammonium hydroxide to a final concentration of 0.1 M, and the released MU was quantified by fluorescence.
Measuring the Concentration of ChiA with Occupied Active Sites ([ChiA OA ])-[ChiA OA ] was measured by following the inhibition of MU-NAG 2 hydrolysis by CNWs. For hydrolysis to take place, MU-NAG 2 must be bound to the binding sites Ϫ2 to ϩ2 of ChiA. Thus, all ChiA-chitin complexes that prevent the productive binding of MU-NAG 2 are considered the ChiA OA population (ChiA OA , active site occupied by chitin). Free enzymes in solution, as well as all complexes with chitin where the binding sites Ϫ2 to ϩ2 are free, are considered the ChiA FA population (ChiA FA , active site free to hydrolyze MU-NAG 2 ). The concentration of ChiA FA is measured from the rate of MU-NAG 2 hydrolysis in the presence of chitin using rates measured without chitin for calibration (in this case, [ChiA FA ] equals the total concentration of ChiA). [ChiA OA ] is the difference between the total concentration of ChiA and [ChiA FA ].
Two experimental setups were used depending on the incubation time with chitin. In the case of short term experiments, MU-NAG 2 and chitin were mixed together before the addition of ChiA. This setup is not applicable in the case of longer term experiments because of the depletion of MU-NAG 2 . Therefore, ChiA was first incubated with chitin for the desired time, after which an aliquot of MU-NAG 2 was added to perform the test reaction for [ChiA FA ].
In short term experiments (up to 240 s), the mixture of CNWs (0.01-2.0 mg ml Ϫ1 ) and MU-NAG 2 (5.0 M) was incubated with ChiA (1.0 nM) in 50 mM sodium acetate, pH 6.1, supplemented with BSA (0.1 mg ml Ϫ1 ) at 25°C without stirring. At selected times, the reactions were stopped by the addition of NaOH to a final concentration of 10 mM. CNWs were pelleted by centrifugation (5 min at 10 4 ϫ g), and the concentration of MU in the supernatant was quantified, after a suitable dilution with 0.1 M ammonium hydroxide, by fluorescence. Before centrifugation, an additional amount of CNWs was added (3 mg ml Ϫ1 ) to improve the sedimentation of CNWs. In the case of long term experiments (0.5-5 h), CNWs (0.25-1.0 mg ml Ϫ1 ) were incubated with ChiA (1.0 nM) in 50 mM sodium acetate, pH 6.1, supplemented with BSA (0.1 mg ml Ϫ1 ) at 25°C without stirring. At selected times, 0.189-ml aliquots of the reaction mixture were added to 11.1 l of 90 M MU-NAG 2 (final concentration, 5.0 M) and incubated for 5 min before quenching with NaOH (final concentration, 10 mM). The remainder of the procedure was the same as described for the short term experiment.
Hydrolysis of 14 C-Labeled BMCC and Inhibition with Cellobiose-14 C-Labeled BMCC (0.05-1.0 mg ml Ϫ1 ) was incubated with Cel7A (10 nM) in 50 mM sodium acetate, pH 5.0, supplemented with BSA (0.1 mg ml Ϫ1 ) and ␤-glucosidase (10 nM) at 25°C without stirring. At defined times, the reaction was stopped by adding NaOH to a final concentration of 0.1 M. Cellulose was pelleted by centrifugation (2 min at 10 4 ϫ g), and the amount of radioactivity in the supernatant was quantified using a liquid scintillation counter. For t ϭ 0, NaOH was added before Cel7A. For the inhibition studies, the reactions were supplied with cellobiose at the desired concentration, and ␤-glucosidase was omitted.
Measuring the Concentration of Cel7A with Occupied Active Sites ([Cel7A OA ])-[Cel7A OA ] was measured by following the inhibition of MUL hydrolysis by BMCC. Productive MUL binding occurs at binding sites Ϫ2 to ϩ2 of Cel7A, and the rationale for measuring [Cel7A OA ] is the same as described for ChiA with MU-NAG 2 . Because the hydrolysis of MUL by Cel7A is slow, only the experimental setup in which MUL and BMCC were mixed together before the addition of Cel7A was used. The mixture of MUL and BMCC (0.05-2.0 mg ml Ϫ1 ) was incubated with Cel7A (10 nM) in 50 mM sodium acetate, pH 5.0, supplemented with BSA (0.1 mg ml Ϫ1 ) and ␤-glucosidase (10 nM) at 25°C without stirring. The concentration of MUL was 5.0 M (in the case of 0.5-5 h experiments) or 20 M (in the case of short term experiments up to 180 s). At selected times, the reactions were stopped by the addition of ammonium hydroxide to a final concentration of 0.1 M. BMCC was pelleted by centrifugation (2 min at 10 4 ϫ g), and the concentration of MU in the supernatant was quantified by fluorescence. The concen-tration of Cel7A with free active sites ([Cel7A FA ]) was determined from the rates of MUL hydrolysis in the presence of BMCC using calibration curves generated without BMCC.
[Cel7A OA ] was calculated as the difference between the total concentration of Cel7A and [Cel7A FA ].
Isothermal Titration Calorimetry (ITC) Experiments-ITC experiments were performed using a VP-ITC system from Microcal, Inc. (Northampton, MA) (54) . Solutions were thoroughly degassed prior to the experiments to avoid air bubbles in the calorimeter. Typically, 15 M ChiA in 20 mM potassium phosphate buffer, pH 6.0, was placed in the reaction cell with a volume of 1.42 ml, and a 3 mM solution of NAG 2 in the buffer as the protein solution was placed in the ITC syringe. Aliquots of 5 l were injected into the reaction cell at 140-s intervals, with a stirring speed of 260 rpm. The titrations were complete after 55 injections. The shape of the ITC binding curve is determined by the so-called Wiseman c-value, which can be expressed as: c ϭ nK a [M] t , where n is the stoichiometry of the reaction; K a is the equilibrium binding association constant; and [M] t is the protein concentration. Normally, ITC experiments should be optimized to produce c-values in the range of 10 Ͻ c Ͻ 1000. This ensures that K a can be determined from the Wiseman binding isotherm. Titrating NAG 2 into ChiA yielded a c-value of 0.04. Binding thermodynamics can be obtained using ITC even if c is in the range of 0.01 Ͻ c Ͻ 10, provided a sufficient portion of the binding isotherm is used for analysis (55) . This is achieved by ensuring a high molar ratio of ligand versus protein at the end of the titration, accurate knowledge of the concentrations of both ligand and receptor, an adequate level of signal-to-noise in the data, and known stoichiometry. All of these conditions were met, with the possible exception of stoichiometry. Previously, ChiA has been shown to bind more than one ligand at the same time (56, 57) . Because of this, the experimental data were fitted to theoretical data using both the "One Set of Sites Model" as well as the "Two Sets of Sites Model" using the Microcal Origin version 7.0 software accompanying the VP-ITC system. Both models yielded identical binding association constants.
RESULTS
Preparation of 14 C-Labeled Chitin-Studies of product inhibition of enzymes are complicated by the difficulty of determining product formation rates in the presence of high concentrations of product added as inhibitor. This problem can be overcome by using radioactively labeled substrates. For example, uniformly 14 C-labeled cellulose substrates have proven invaluable for studies of product inhibition of cellulases (19) . To study the product inhibition of chitinase, we prepared 14 C-labeled microcrystalline chitin, or [ 14 C]chitin nanowhiskers ( 14 C-CNWs). CNWs were prepared by heterogeneous acid hydrolysis of commercially available crab chitin. 14 C labeling of CNWs using [ 14 C]acetic anhydride requires the presence of free amino groups in CNW preparation. Although chitin is a polymer of NAG units, chitin preparations always contain a small amount of deacetylated glucosamine units. The degree of acetylation of CNWs prepared from crab chitin was previously estimated to be 81% (58) . CNWs were acetylated using [ 14 C]acetic anhydride under heterogeneous conditions to preserve the crystalline nature of the CNWs. Acetylation of CNWs resulted in an ϳ3-fold increase in the activity of ChiA ( Fig. 1A ), suggesting a negative effect of the glucosamine units. Because the CNWs were acetylated under heterogeneous conditions, the 14 C label is not expected to be distributed equally within the CNW microcrystals. Therefore, the relationship between the released radioactivity and the total degradation of 14 C-CNWs upon hydrolysis by ChiA must be determined before the substrate can be used in kinetic studies. To perform this calibration, 14 C-CNWs were hydrolyzed by ChiA, and the formation of reducing groups was measured using a chemical method (53) in parallel with measurements of released radioactivity. As shown in Fig. 1B , all data points obtained at different enzymeto-substrate ratios and times fell along the same line. Because NAG 2 is the predominant product of ChiA, the concentration of reducing groups was taken to be equal to the concentration of NAG 2 when calculating the degree of 14 C-CNW conversion on the basis of released reducing groups. At low degrees of conversion (below 1% on the reducing-groups basis), there was a near linear correlation between the radioactivity and reducing groups released, with ϳ3-fold more radioactivity released than reducing groups. At higher degrees of conversion, however, the line curved upward (Fig. 1B) . This behavior is consistent with the heterogeneous acetylation of CNWs, with more acetyl groups being introduced to the chitin chains on the surface layers of CNW microcrystals (58) . For the subsequent studies, an exponential function was used to calibrate 14 
RG % and 14 C % represent the degree of 14 C-CNW conversion on the basis of released reducing groups and radioactivity, respectively, and a and b are constants.
Hydrolysis of CNWs by ChiA and Product Inhibition with NAG 2 -First, the hydrolysis of nonlabeled CNWs by ChiA was followed. Characteristic of the hydrolysis of recalcitrant polysaccharides, the time curves were already nonlinear at a very low degree of CNW conversion. Different enzyme-and substrate-related factors have been proposed as being responsible for the rapid decrease in hydrolysis rates (59) . The most common explanation is that heterogeneous substrates contain multiple sub-substrates that are differentially accessible to enzymes. The initial rapid degradation of the "good" substrate results in decreased hydrolysis rates. In this case, the rates measured at low CNW concentrations are expected to drop faster than those measured at high CNW concentrations. However, the rate of CNW hydrolysis decreased similarly at both high and low CNW concentrations, suggesting that substrate heterogeneity is not the sole cause of the rate retardation. Another possible factor contributing to rate retardation is strong product inhibition of ChiA. To elucidate the role of product inhibition, 14 C-CNWs were hydrolyzed by ChiA in the presence of chitobiase, an enzyme that splits NAG 2 into two molecules of NAG. The presence of excess chitobiase activity had no effect on the activity of ChiA toward 14 C-CNWs ( Fig. 2 ) ruling out product inhibition as a contributor to rate retardation under our study conditions. Studies of cellulose hydrolysis have shown that decreases in hydrolysis rates seem to correlate with hydrolysis time, and hence, the progress curves have been described using the equations of fractal-like kinetics (60, 61) . Short hydrolysis times and very low ChiA concentrations (1.0 nM) revealed linear progress curves, with a short lag phase observed at higher 14 C-CNW concentrations (Fig. 3A) . The slopes of the linear regions were used to measure the "initial rates" ("v 0 "). The term initial rate is placed in quotation marks because it relies solely on the linearity of the progress curves and does not imply that the reaction has reached a true steady state. Initial rates measured at different 14 C-CNW concentrations were consistent with the Michaelis-Menten equation, with a limiting v 0 /E 0 value of 12.0 Ϯ 0.3 s Ϫ1 and a K m value of 0.10 Ϯ 0.01 mg ml Ϫ1 (Fig. 3B) . To study the product inhibition of ChiA, the initial rates were measured in the presence of added NAG 2 . The hydrolysis of 14 C-CNWs in the presence of NAG 2 (Fig. 3B) was consistent with the Michaelis-Menten equation, and the data were analyzed according to Equation 2 .
[S] is the concentration of 14 C-CNWs (mg ml Ϫ1 ); E 0 is the total concentration of enzyme; and k cat app (s Ϫ1 ) and K m app (mg ml Ϫ1 ) are the apparent catalytic constant and Michaelis constant, respectively. Plotting the parameter values against the NAG 2 concentration ( Fig. 3, C and D) reveals a pattern characteristic of noncompetitive inhibition, as k cat app decreases with increasing NAG 2 concentrations (K i(obs) ϭ 0.50 Ϯ 0.22 mM), whereas K m app seems independent of NAG 2 . The influence of the inhibitor on the parameter values was analyzed according to Equation 3 .
PAR i and PAR i ϭ 0 are parameter values measured in the presence and absence of the inhibitor (I), respectively; [I] is the concentration of inhibitor; K i(obs) is the observed inhibition constant; and H is the noninhibited fraction of the parameter value. As in studies of the inhibition of cellulases (17) (18) (19) , the parameter H was introduced to improve the fit, and it suggests partial inhibition. The reasons for this apparent partial inhibition are not known. Setting H ϭ 0 in analyses resulted in K i (obs) values that were 56% higher on average. NAG 2 inhibition was also studied at higher degrees of chitin conversion using longer incubation times. Because of the nonlinearity of the progress curves (Fig. 3E) , the average product concentrations at fixed times were first used for the analysis. The product formation after fixed time measured at different 14 C-CNW concentrations was consistent with the Michaelis-Menten equation, although the observed K m value increased with the hydrolysis time ( Fig. 3C ). Supplementing the reactions with NAG 2 decreased the maximum product concentration released after fixed time (P max ) ( Fig. 3D ), whereas the observed K m value was not affected (Fig. 3C ). The inhibition of P max was independent of the hydrolysis time, with an average K i(obs) value of 0.36 Ϯ 0.02 mM. We also analyzed the NAG 2 inhibition using the timedependent rates (v t ) of product (P) formation. For this analysis, the progress curves were fitted to a simple two-parameter equation (61) . The values of the empirical parameters a and b obtained by fitting were used to calculate the rate at different hydrolysis times (Equation 4).
The rates-based analysis was also consistent with the Michaelis-Menten equation (Fig. 3F ), and the results were similar to those obtained using the simple average product concentration-based analysis. K m value seemed unaffected by NAG 2 , whereas V max value was inhibited with a K i(obs) value of 0.47 Ϯ 0.21 mM (Fig. 3D ). Comparing the effect of NAG 2 on k cat , P max , and V max values revealed no differences in K i(obs) values within error limits (Fig. 3D ). The inhibition of polysaccharide hydrolysis is often studied at a single substrate concentration, with the results expressed as IC 50 values. Therefore, we also tested whether the IC 50 values obtained using this simplified approach are consistent with the K i(obs) values. Within error limits, the IC 50 values seemed to be independent of the hydrolysis time and the 14 C-CNW concentration. An average IC 50 value of 0.42 Ϯ 0.18 mM was determined using data points measured at different hydrolysis times and 14 C-CNW concentrations. This figure is consistent with the K i(obs) values, demonstrating that the use of this simplified approach is justified under our study conditions.
The K i(obs) and IC 50 values for 14 C-CNW hydrolysis by ChiA were on the same order as the IC 50 values measured for cellobiose inhibition of H. jecorina Cel7A with cellulose substrates (18, 19) . However, a common feature of product inhibition of glycoside hydrolase family 7 cellobiohydrolases is that the inhibition studied using cellulosic substrates appears much weaker than that studied using low molecular weight model substrates such as MUL (19) . This prompted us to study the NAG 2 inhibition of ChiA using a low molecular weight substrate, MU-NAG 2 . The hydrolysis of MU-NAG 2 by ChiA displays complex nonhyperbolic kinetics, with apparent positive cooperativity at low MU-NAG 2 concentrations ( Fig. 4A ) and apparent substrate inhibition at high MU-NAG 2 concentrations (44, 62), thus preventing the determination of k cat and K m values. The hydrolysis of MU-NAG 2 in the presence of NAG 2 showed partial inhibition with higher residual activities observed at lower MU-NAG 2 concentrations (Fig. 4B) . Measurements made at various low concentrations of MU-NAG 2 yielded an IC 50 value of 0.32 Ϯ 0.11 mM. This figure is almost an order of magnitude lower than the IC 50 values measured for the inhibition of ChiA by deacetylated NAG 2 (23), indicating a positive effect of acetyl groups on the binding of NAG 2 to ChiA. The hydrolysis of MUL by Cel7A is consistent with Michaelis-Menten kinetics (15, 63) . Therefore, the value of the true inhibition constant (K i ) measured using the MUL substrate is expected to represent the value of the equilibrium dissociation constant of the enzymeinhibitor complex (K d ). Because of the complex kinetics of MU-NAG 2 hydrolysis by ChiA, the binding of NAG 2 to ChiA was also studied using ITC. The ITC experiments produced a K d value of 0.40 Ϯ 0.1 mM for the binding of NAG 2 to ChiA. This figure is in the same range as the IC 50 value measured for ChiA using MU-NAG 2 as the substrate. Most interestingly, both the IC 50 value measured for ChiA with MU-NAG 2 and the K d value from ITC are close to the K i(obs) values measured with 14 C-CNWs as the substrate. This finding differs from previous observations made with processive cellulases and implies different mechanisms or rate-limiting steps in the hydrolysis of insoluble substrate by these enzymes.
Hydrolysis of Bacterial Microcrystalline Cellulose by Cel7A and Product Inhibition with Cellobiose-The weaker product inhibition of Cel7A with cellulosic substrates relative to that measured with low molecular weight substrates is well documented (19) . Inhibition studies are usually performed at one substrate concentration, with the results expressed as IC 50 values (17, 19, 20) . Therefore, one possible explanation is that competitive inhibition is studied under conditions in which the substrate concentration is much higher than the K m value (17, 21) . Another complication may be associated with the relatively high enzyme concentrations used in cellulase inhibition studies (usually between 0.1 and 1.0 M). Because the number of enzyme-accessible polymer chain ends is low, the assumption of excess substrate may not hold. Because of the multimode binding and possible traffic jams on the cellulose surface, it has been suggested that the performance of Cel7A should be measured at low nanomolar enzyme concentrations (38, 41) . Therefore, we studied the cellobiose inhibition of Cel7A (10 nM) with 14 C-labeled BMCC (0.05-1.0 mg ml Ϫ1 ). Given that the amount of reducing groups in our 14 C-labeled BMCC preparation is 26.3 mol g Ϫ1 , the substrate was expected to be in excess at all 14 C-labeled BMCC concentrations used. As in case of ChiA and 14 C-CNWs, the time curves of 14 C-labeled BMCC hydrolysis were nonlinear (Fig. 5A) . However, the values of the observed rate constants (v (t) /E 0 ) for Cel7A and 14 C-labeled BMCC (Fig.  5B) were more than an order of magnitude lower than the corresponding values for ChiA ( Fig. 3F ). An average K m value of 0.10 Ϯ 0.02 mg ml Ϫ1 was measured for Cel7A with 14 C-labeled BMCC, although K m values slightly decreased with hydrolysis time regardless of whether it was determined on an average product concentration or rate basis. The cellobiose inhibition of Cel7A revealed no significant differences in IC 50 values measured at different 14 C-labeled BMCC concentrations (Fig.  5C) . The low activity of Cel7A and the moderate specific radioactivity of 14 C-labeled BMCC resulted in high measurement errors and did not permit precise analysis of the influence of cellobiose on k cat and K m values. However, the fact that the IC 50 was independent of the 14 C-labeled BMCC concentration (varying between 0.5 K m and 10 K m ) suggests noncompetitive inhibition. This rules out the possibility that the weak inhibition of Cel7A observed with cellulosic substrates is due to the experimental conditions under which competitive inhibition is studied, with substrate concentrations much higher than the K m values. An average IC 50 value of 0.17 Ϯ 0.02 mM was measured for the cellobiose inhibition of Cel7A with 14 C-labeled BMCC as the substrate. We also measured the cellobiose inhibition of Cel7A with MUL as the substrate, and the resulting IC 50 value was 18 Ϯ 3 M. Given the competitive inhibition and assay conditions, wherein [MUL] Ͻ Ͻ K m(MUL) , this IC 50 value represents the value of the true K i . Thus, contrary to ChiA, the IC 50 value found for Cel7A with 14 C-labeled BMCC was about an order of magnitude higher than the value of the true K i .
Theoretical Analysis of Product Inhibition-The catalytic cycle that underlies the hydrolysis of an insoluble polysaccharide by a processive exo-enzyme can be divided into at least four putative steps as follows: (i) binding to the polymer surface; (ii) recognition and capture of the chain end; (iii) formation of the productive complex and the processive hydrolysis of the polymer chain; and (iv) dissociation (25) . The simplest scheme accounting for these four steps is illustrated in Fig. 6 . Free enzyme binds to the polymer surface to form a nonproductive enzyme-substrate complex (E*S). Both ChiA and Cel7A are reducing end-specific exo-enzymes; thus, the next step in catalysis is to find and capture the reducing end of the polymer chain. The initial capture of the chain end is followed by the sliding of the enzyme toward the nonreducing end of the polymer until the formation of a productive complex (ES), with the reducing end in product binding site ϩ2. Because the initial capture of the chain end by the lateral diffusion of the enzyme along the polymer surface and the stepwise progression of the chain in the active site tunnel are both first-order reactions, they cannot be distinguished in steady-state experiments and are thus collectively referred to as nonproductive complexes (Fig. 6C) . The distribution of enzyme between the ES and the pre-slide complex, E*S (Ϫ1) (Fig. 6C) , can be characterized by the partition coefficient K p ϭ k 5 /k Ϫ5 . To ensure processive movement, the binding energy gradient in the active-site tunnel favors the formation of the productive complex, such that K p is expected to be high (11, 12) . However, if both k 6 and k Ϫ4 are much higher than k Ϫ5 , E*S (Ϫ1) may dominate over ES despite the high K p value (Fig. 6 ). Upon hydrolysis of the glycosidic bond (k 6 ), an E*SI complex is formed in which the polymer chain end is located in binding site Ϫ1. Thus, in the case of product inhibition, the E*SI complex is an intrinsic part of the catalytic cycle. In Fig. 6 , k 6 is a lumped rate constant that includes the rate constants for the breakage of the glycosidic bond and the hydrolysis of the covalent glycosyl-enzyme or the noncovalent oxazolinium ion intermediate in Cel7A or ChiA, respectively. In Fig. 6 , the hydrolysis of the intermediate is assumed to take place before product dissociation (k Ϫ4 ). Although there is no experimental evidence to support this sequence, molecular dynamics simulations have suggested that the cellobiose product contributes to coordinate the water molecule in the hydrolysis step of the glycosyl-enzyme intermediate in Cel7A and thus does not leave the enzyme before the hydrolysis of the intermediate (64) . Product formation by the ES complex is given by the lumped rate constant k 9 . In Fig. 6 , it is also assumed that there is no enzyme release from the ES complex after product formation. This assumption is supported by the fact that the measured values of processivity for Cel7A (18, 27) and ChiA (65, 66) are much lower than the degree of polymerization of the substrate, meaning that the release of enzyme by complete hydrolysis of the polymer chain is unlikely. The trapped-enzyme complex (E*ST) (Fig. 6B) is not a prerequisite complex in the catalytic cycle of processive enzymes. However, many studies of Cel7A (26 -29, 67) , as well as of other cellulases (68) , have lead to the hypothesis that the processive movement of an enzyme is limited by steric obstacles on the polymer surface. A recent study of the processivity of ChiA also supports this model (66) . Assuming that the dissociation of the enzyme is much slower than the processive run, the rate constant k 7 represents the rate constant for passing through one processive run and is related to the catalytic constant (k cat ) and the apparent processivity (P app ) according to k 7 ϭ k cat /P app (18) . Steady-state treatment of the mechanisms in Fig. 6 using software for the King Altman procedure (69) resulted in complex equations containing squared terms for the inhibitor and substrate concentrations (supplemental Equations S1 and S2). Therefore, the influence of product inhibition on enzyme kinetics was analyzed numerically. First, we analyzed product inhibition using a simpler mechanism that lacks the E*ST complex (Fig. 6A) . The type of product inhibition was dependent on the prevalent form of bound enzyme in the absence of inhibitor. If the prevalent complex is productive (high K p ), we observe competitive inhibition, whereas enzymes with low K p values show mixed inhibition (or noncompetitive inhibition if the two K i values are equal). The same conclusions have been reached regarding the inhibition of cellulases (17, 70) . However, the simpler mechanism failed to account for the weaker product inhibition with polymeric substrate relative to the that measured with low molecular weight substrate, i.e. K i(obs) Ͼ K i , where K i is the true inhibition constant governed by the thermodynamic stability of the enzyme-inhibitor complex.
Introducing the E*ST complex (Fig. 6B ) resulted in K i(obs) Ͼ K i , with more prominent effects observed at lower off rates (lower k Ϫ1 , k Ϫ2 , and k Ϫ8 ) (Fig. 6B) . Thus, the product inhibition of Cel7A can be accounted for by a mechanism in which the prev-alent complex is the E*ST complex. The noncompetitive inhibition of ChiA implies that the prevalent complex is the E*S complex. Because the inhibition strength for ChiA was similar with both chitin and MU-NAG 2 (suggesting K i(obs) Ϸ K i ), it is not strictly necessary to assume the E*ST complex, although its presence cannot be excluded (scenario with high off rate in Fig.  6B ). It must also be noted that both Cel7A and ChiA have been shown to use endo-mode initiation (27, 71) . In the case of both exo-and endo-mode initiation, the substrate-dependent binding from solution results in the formation of a nonproductive complex. Also in both cases the inhibitor does not compete with binding from solution but with the formation of the pro- Only the E*S complex in which the polymer chain end is in substrate-binding site Ϫ1 is shown in the scheme, although E*S includes a number of nonproductive complexes that are linked to each other through first-order reactions (C). The productive complex (ES) is formed from E*S through the sliding of the enzyme along the polymer chain by two monomer units (k 5 ). Product (P) formation is given by the rate constant k 9 , which is a lumped rate constant that includes the rate constants for glycosidic bond hydrolysis (k 6 ), the expulsion of the disaccharide product (k Ϫ4 ), and sliding (k 5 ). Note that there is no enzyme release from the polymer after product formation. Product inhibition was analyzed according to supplemental Equation S1. The influence of the value of the partition coefficient, K p , on product inhibition was assessed by varying the value of the rate constant for sliding (k 5 ). The values of the other rate constants were fixed to the values of k 1 ϭ k 2 ϭ 0.1 ml mg Ϫ1 s Ϫ1 ; k Ϫ1 ϭ k Ϫ2 ϭ 0.01 s Ϫ1 ; k 3 ϭ k 4 ϭ 10 6 M Ϫ1 s Ϫ1 ; k Ϫ3 ϭ k Ϫ4 ϭ 10 3 s Ϫ1 , k Ϫ5 ϭ 100 s Ϫ1 ; and k 6 ϭ 10 s Ϫ1 . In separate analyses, the value of k 5 was set to 10, 100, and 1000 s Ϫ1 , resulting in K p values of 0.1, 1.0, and 10, respectively. Because k Ϫ5 ϭ 10 k 6 , the distribution of enzyme between ES and E*S is governed by the K p value. The values of both the true competitive inhibition constant K ic ϭ k Ϫ3 /k 3 and the true uncompetitive inhibition constant K iu ϭ k Ϫ4 /k 4 were set to 10 Ϫ3 M. The values of the observed competitive (K ic(obs) ) and uncompetitive (K iu(obs) ) inhibition constants were found by numerical analysis of the effect of inhibitor on k cat /K m and k cat , respectively. B, scheme for the hydrolysis of a polymeric substrate by a processive enzyme with a trapped-enzyme complex (E*ST). The progressive hydrolysis of polymer chain continues until the enzyme encounters an obstacle and gets stuck in the E*ST complex. The average length of a processive run is given by the average length of the obstacle-free path on the polymer (18) . The enzyme is assumed to be unable to remove an obstacle; thus, the only way to escape from the E*ST is through dissociation (k Ϫ8 ). The remaining complexes are as in A. Product inhibition was analyzed according to supplemental Equation S2. The influence of the off-rate (k off ) on product inhibition was assessed by varying the values of the dissociation rate constants, k off ϭ k Ϫ1 ϭ k Ϫ2 ϭ k Ϫ8 . The values of k 5 (K p ϭ 0.1) and k 7 were fixed to 10 and 0.02 s Ϫ1 , respectively. The formation of E*ST by direct binding from solution was assumed to be negligible; thus, the value of k 8 was set to 0. The values of the other rate constants and true inhibition constants were fixed to the values given, and the values of the observed inhibition constants were determined as described in A. C, nonproductive enzyme-substrate complexes form through sequential first-order reactions, starting from the enzymebound via the CBM only (E*S CBM ). Upon the location and capture of a reducing end of the polymer chain, a complex with the chain end in binding site Ϫ7 (E*S Ϫ7 ) is formed, followed by the progression of the chain in the active site tunnel until the eventual formation of E*S Ϫ1 (E*S in A and B). Note that complexes E*S CBM through E*S Ϫ3 appear as a population of enzymes with a free active site (E FA ) for the hydrolysis of low molecular weight model substrates (MU-NAG 2 and MUL) in the presence of polymer, whereas complexes E*S Ϫ2 and E*S Ϫ1 appear, along with the productive ES and trapped E*ST complexes, as the population whose active site is occupied (E OA ).
ductive complex from the nonproductive complex. Therefore, the mode of initiation can be expected to have no influence on the type and strength of product inhibition modeled in Fig. 6 .
Measuring the Concentration of Enzyme with the Active Site Occupied by Polymer Chain-The concentration of bound enzyme with the active site occupied by the polymer chain can be measured by following the inhibition of the hydrolysis of a low molecular weight model substrate (reporter molecule) by the polymer (26, 40, 72) . Cel7A is well known to bind cellulose predominantly through the active site (26, 40) , although at high enzyme-to-substrate ratios, the population of bound enzyme with its active site free may be significant (41) . The noncompetitive inhibition of ChiA suggested that ChiA exists predominantly in the nonproductive E*S complex. The E*S complex includes a number of nonproductive complexes, starting from ChiA bound to chitin through the CBM, followed by complexes with the chitin chain progressing through the active-site cleft until the formation of the complex with the reducing end of the chitin chain in substrate-binding site Ϫ1 (Fig. 6C) . The distribution of ChiA between these different complexes can be at least partly resolved by following the inhibition of MU-NAG 2 hydrolysis by chitin. To permit the hydrolysis of MU-NAG 2 , binding sites Ϫ2 to ϩ2 must be free from the chitin chain. Thus, aside from the free enzyme in solution, all complexes up to that with the chitin chain end in the substrate-binding site Ϫ3 (E*S (Ϫ3) in Fig. 6C ) are accessible to MU-NAG 2 and are collectively referred to as ChiA with a free active site (ChiA FA , active site free to hydrolyze MU-NAG 2 ). All other complexes exclude the hydrolysis of MU-NAG 2 and are collectively referred to as ChiA with an occupied active site (ChiA OA , active site occupied by chitin). In this experiment, [ChiA FA ] was measured by following the hydrolysis of MU-NAG 2 (5.0 M) in the presence of chitin, and [ChiA OA ] was determined as a difference between the total ChiA concentration and [ChiA FA ]. Incubation times were selected such that the rates of MU-NAG 2 hydrolysis correspond to the initial rates (v MU ). Experiments performed in the absence of chitin revealed a linear relationship between v MU and the concentration of ChiA, and the slope of the line was used for calibration ( Fig. 7A) . Control experiments demonstrated that 5.0 M MU-NAG 2 had no effect on the hydrolysis of 14 C-CNWs by ChiA (data not shown). The hydrolysis of MU-NAG 2 by ChiA was moderately inhibited by CNWs, indicating the presence of a population of ChiA OA (Fig. 7B ). In the initial stage (first 180 s) of CNW hydrolysis, the concentration of ChiA OA increased with time; however, the majority of ChiA remained in the form of ChiA FA even in the case of saturating CNW concentrations (Fig. 7C) . The concentration of ChiA OA was also measured after more extended hydrolysis of CNW and revealed an apparent leveling off after 1 h of hydrolysis, although a slight decrease in [ChiA OA ] with increasing hydrolysis time can be seen at lower CNW concentrations (Fig. 7D) . The fraction of ChiA bound to CNWs through the active site ([ChiA OA ]/E 0 ) at different CNW concentrations and hydrolysis times followed the Michaelis-Menten equation, with the values of observed parameters K m and [ChiA OA ] max /E 0 both increasing with hydrolysis time (Fig. 7E ). Plotting the observed rate constant of CNW hydrolysis (v (t) /[ChiA OA ]) as a function of time reveals its rapid decrease in time, with somewhat higher activity of active-site-bound enzyme retained at higher CNW concentrations (Fig. 7F) .
We also tested the active-site-mediated binding of Cel7A (10 nM) to BMCC using MUL as a reporter molecule. The initial binding was measured at a high BMCC concentration (2.0 mg ml Ϫ1 ). In contrast to ChiA, the hydrolysis of MUL was strongly inhibited by BMCC (Fig. 7G ). The formation of Cel7A OA was fast and leveled off after only 30 s, the shortest time tested (Fig.  7C) . The initial activity of Cel7A measured after 30 s of 14 Clabeled BMCC (2.0 mg ml Ϫ1 ) hydrolysis resulted in an estimated v 0 /E 0 of 10 Ϯ 8 s Ϫ1 . The concentration of Cel7A OA measured at longer hydrolysis times and different BMCC concentrations revealed no significant changes in time (Fig. 7H ). Similar to ChiA, the observed rate constant for BMCC hydrolysis (v (t) /[Cel7A OA ]) decreased with hydrolysis time. However, for Cel7A, the decrease in v (t) /[Cel7A OA ] with hydrolysis time seemed independent of the BMCC concentration (Fig. 7I ).
DISCUSSION
The hydrolysis of recalcitrant polysaccharides by processive enzymes is a complex process that consists of multiple elementary steps. Identifying the rate-limiting step in this process is essential for knowledge-based enzyme engineering. However, to date there is no consensus on which particular step is ratelimiting, even for the most well studied enzyme, H. jecorina
Cel7A. Here, we performed a comparative study of two processive exo-enzymes, cellobiohydrolase Cel7A from H. jecorina and chitinase ChiA from S. marcescens. To allow a more straightforward comparison, both enzymes were studied using crystalline substrates with similar properties as follows: CNW for ChiA and BMCC for Cel7A. Both substrates were prepared by heterogeneous acid hydrolysis of high DP parent substrates, namely bacterial cellulose and crab chitin in the case of BMCC and CNW, respectively. Our BMCC and CNW preparations had DP values of 235 and 135 monomer units, respectively. Crystallinity indexes of 86 and 92% have been reported for CNW (58) and BMCC (73), respectively. The parameters of the enzyme kinetics of ChiA and Cel7A are listed in Table 1 . The most remarkable difference between ChiA and Cel7A is in the initial formation of the enzyme complex with the active site occupied by polymer chain. The formation of ChiA OA was slow (Fig. 7C) , and after 30 s, only ϳ10% of ChiA molecules had occupied active sites ([E OA ] max /E 0 in Table 1 ) under conditions in which the CNW concentration was saturating for activity. By contrast, the concentration of Cel7A OA had already leveled off after the first 30 s of BMCC hydrolysis, constituting ϳ90% of the total enzyme concentration ( Fig. 7C and Table 1) . At low enzyme-to-substrate ratios, Cel7A has been shown to bind exclusively via the active site (41) . Unfortunately, the suspension properties of CNWs did not allow for measurements of the concentration of ChiA free in solution. However, because binding from solution is an overall second-order reaction, one would expect to have all of the enzyme bound at saturating substrate concentrations. Thus, we speculate that the population of ChiA whose active site is free, ChiA FA , represents the enzyme that is bound to CNW through the CBM (E*S CBM in Fig. 6C ), although the presence of active-site-bound complexes E*S Ϫ7 to E*S Ϫ3 cannot be excluded. In trying to determine the k cat value from the "initial" rates, one needs first to define k cat . If (65) . The consistency between the k cat values found from HS-AFM measurements and V max /[E OA ] max is expected because HS-AFM tracks only the actively moving complexes. Using a conventional definition of k cat as the slowest first-order rate constant in the forward reaction pathway, complexation with the chitin chain on the surface of the chitin microfibril must be included. In this case, we consider product release as starting from the E*S CBM complex (Fig. 6C) , and k cat must be found as a limiting v 0 /E 0 value, which was 12.0 Ϯ 0.3 s Ϫ1 in our study ( Table 1 ). This figure is much higher than the initial-rates-based k cat estimate of 0.54 Ϯ 0.04 s Ϫ1 (37°C) reported for ChiA with crystalline ␤-chitin (36) . This discrepancy suggests that the chain ends on ␤-chitin are less accessible for ChiA than those on CNWs, resulting in a decreased rate of complexation. The k cat values measured for ChiA on partially acetylated chitosan, a soluble chitin derivative, are in the range of 20 -40 s Ϫ1 . Corresponding figures for mutants with decreased processivity (W167A and W275A) are in the range of 80 -230 s Ϫ1 (37°C) (36, 45) . The latter figures are comparable with the V max /[E OA ] max -based k cat value found here (Table 1) , given the temperature difference of 12°C, and suggests that the initial V max /[E OA ] max -based k cat value measured with CNWs may represent the rate constant for glycosidic bond hydrolysis by ChiA. Despite the large measurement error, the k cat value measured here for Cel7A (Table 1) is also in accord with the k cat values of 5-10 s Ϫ1 measured for Cel7A using HS-AFM (37, 38, 74) . Characteristic of the hydrolysis of recalcitrant polysaccharides, the observed k cat values of both Cel7A and ChiA rapidly decreased with hydrolysis time. This decrease was more pronounced with Cel7A, especially if the observed k cat value was found on the basis of V max /E 0 ( Table  1) . For Cel7A, the rapid decrease in the hydrolysis rate has been explained by the rapid accumulation of nonproductive trapped-enzyme complexes (ES*T in Fig. 6B ) (26, 28) . The predominance of the ES*T complex and the rate limitation by its dissociation is also consistent with the type and strength of cellobiose inhibition. Whereas noncompetitive inhibition indicates the predominance of nonproductive complexes over productive ones (Fig. 6A) , the weaker inhibition with polymeric substrates compared with that given by the K d value of the enzyme-inhibitor complex (true K i ) could only be accounted for by a mechanism in which the rate is limited by the dissociation of ES*T (Fig. 6B) . In more general terms, the cellobiose inhibition of Cel7A suggests that the rate-limiting step of cellulose hydrolysis is not affected by the inhibitor. NAG 2 was also a noncompetitive inhibitor of ChiA with CNW, but contrary to Cel7A, the inhibition strength of ChiA measured with CNW was similar to that given by the K d value for the binding of NAG 2 to ChiA (Table 1 ). This observation is in accord with the complexation-limited rate of CNW hydrolysis, because in this case the rate-limiting step is affected by the inhibitor. The slow accumulation of ChiA OA over time (Table 1) indicates the increasing contribution of ES*T, although the dissociation of this complex may not be rate-limiting, as judged by the constant strength of NAG 2 inhibition over time. The latter scenario can be accounted for by changes in chitin structure upon hydrolysis, as the accumulation of enzyme-generated "inactive" substrate (S* in Fig. 6B ) will bind ChiA and compete with the "active" substrate. Although this scenario was not accounted for in the simulations (the k 8 in Fig. 6B was set to zero), one may deduce that the addition of a second "substrate" with the same affinity for the enzyme will not change the type or strength of product inhibition but will simply decrease the effective enzyme concentration. Collectively, our data suggest that the predominant molecular state of ChiA is bound enzyme with a free active site, and the rate of chitin hydrolysis is limited by complexation with the polymer chain. Conversely, Cel7A is bound to cellulose predominantly through the active site, and the rate of cellulose hydrolysis is limited by the slow dissociation of the trappedenzyme complex. It must be noted that we studied only the performance of enzymes acting in isolation. However, the ratelimiting step was shown to differ for Cel7A acting in isolation and in the presence of endoglucanase (18) . Therefore, the ratelimiting step of ChiA may also be different in the presence of synergistic auxiliary enzymes such as endochitinase or lytic polysaccharide monooxygenase. The molecular states of bound enzymes have thus far been measured for two fungal cellobiohydrolases, H. jecorina Cel7A and Cel7D from Phanerochaete chrysosporium, and one bacterial cellulase, the processive endo-cellulase Cel9A from T. fusca (42) . Bound enzymes with their active sites occupied by cellulose chains have been shown to be the predominant states of both Cel7A and Cel7D (26), whereas bound enzyme with a free active site is the predominant molecular state of Cel9A (42) . The active site of both Cel7A and Cel7D exhibits a tunnel-shaped architecture, and the catalytic module is connected to the CBM through a flexible linker peptide. It is interesting to note that the structure of Cel9A (75) is similar to ChiA, in that the CBM is rigidly connected to the catalytic module, and the active site resides in the open cleft. Whether the rate-limiting step in the degradation of recalcitrant polysaccharides reflects the domain interactions and active site architecture of these enzymes remains to be studied.
